Introduction

▼
Operating a motor vehicle requires a complex integration of cognitive, neurological and musculoskeletal systems that demands rapid decisionmaking and execution of driving maneuvers. Compromise of any one of these systems can significantly hinder the ability to drive safely. Although on-board systems have improved passenger safety, human error while driving has become an increasingly prevalent cause of accidents [18, 29, 35] . In a recent study, Marshall et al. [26] demonstrated a direct correlation between the number of chronic medical conditions with the risk to crash and the likelihood of driving cessation. As health care providers, physicians hold a medical and ethical responsibility to assess a patient's overall function. In 1999, the Council on Ethical and Judicial Affairs (CEJA) of the American Medical Association (AMA) released a policy statement assigning physicians the responsibility to determine patient "fitness to drive" based on physical and mental limitations.
In fact, insurance companies can deny coverage to motorists driving against medical advice [3] . Many studies have analyzed driving performance after orthopaedic interventions via simulator testing [1, 10] . Most have evaluated lower extremity procedures such as ankle fracture fixation, total hip arthroplasty, total knee arthroplasty, and knee arthroscopy [9, 11, 15, 17, 23, 31, 37] . This body of work has successfully led to the formulation of evidence-based guidelines for return to driving following surgery [7] . As these procedures all address the lower extremity, the measurement of brake reaction time has been the predominant tool to assess function. In contrast, only a limited number of studies have addressed upper extremity dysfunction, largely focused on above or below-the-elbow casting [5, 12, 16, 19] . Only one previous study has investigated shoulder function in the context of driving; a simulator-based study by the senior author found a deleterious effect of shoulder sling immobilization on driving performance in healthy volunteers [14] .
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Abstract
▼
The current study aimed to measure perioperative changes in driving performance following arthroscopic shoulder surgery using a validated driving simulator. 21 patients who underwent arthroscopic surgery for rotator cuff or labral pathology were tested on a driving simulator preoperatively, and 6 and 12 weeks postoperatively. An additional 21 subjects were tested to establish driving data in a control cohort. The number of collisions, centerline crossings, and off-road excursions were recorded for each trial. VAS and SPADI scores were obtained at each visit. The mean number of collisions in the study group significantly increased from 2.05 preoperatively to 3.75 at 6 weeks (p < 0.001), and significantly decreased to 1.95 at 12 weeks (p < 0.001). Centerline crossings and off-road excursions did not significantly change from preoperative through 12 weeks, although centerline crossings were statistically different from the controls at each time point (p < 0.001). Surgery on the dominant driving arm resulted in greater collisions at 6 weeks than surgery on the non-dominant driving arm (p < 0.001). Preliminary data shows that driving performance is impaired for at least 6 weeks postoperatively, with a return to normal driving by 12 weeks. Driving is more profoundly affected in conditions that require avoiding a collision and when the dominant driving arm is involved.
A recent analysis of a nationwide database revealed that the number of arthroscopic shoulder procedures increased six-fold from 1996-2006, with a surge in arthroscopic rotator cuff repair by 141 % [6] . Additionally, a nearly five-fold increase in superior labrum anterior to posterior (SLAP) repairs was reported in NY State between 2002 and 2010 [32] . Despite such a drastic growth in shoulder arthroscopic procedures, we are unaware of any evidence-based recommendations that determine "fitness to drive" postoperatively [7] . This study aimed to define the time interval at which surgical patients who have undergone arthroscopic shoulder surgery can safely return to driving. We hypothesized that patients would exhibit inferior levels of driving performance during early postoperative phases relative to preoperative driving ability.
Methods
▼
This study was conducted according to the ethical standards of the IJSM [13] , and used a driving simulator to reproduce real driving conditions in an automatic transmission vehicle ( • ▶ Fig. 1a) . Driving performance was assessed using a previously established testing model [8, 12] . The software and hardware simulation setup has been validated in numerous previous studies [21, 25, 28, 31, 38] . The automobile components of the driving simulator included brake and accelerator pedals connected to a brake cylinder and force transducer, an adjustable steering column, and an adjustable car seat. The pedal assembly was connected to an analog-to-digital converter that transmitted positional information to the computer. A liquid crystal display panel monitor was placed at eye level, and surround sound speakers were used to produce road sounds and provide instructions to the subject. LabVIEW software (National Instruments, Austin, TX, USA) was employed to collect and display data by an analog or digital board with a sampling rate of 1 000 Hz from the accelerator and brake pedals. Windows STISIM Drive V2.0 software (Systems Technology, Hawthorne, CA, USA) was used to design customized circuits for acclimatizing subjects to the software as well as for testing subjects in simulated real-world driving conditions ( • ▶ Fig. 1b ). 21 consecutive patients scheduled to undergo primary arthroscopic surgery for treatment of rotator cuff or labral pathology were recruited and enrolled in this study after signing written informed consent. The inclusion criteria were age between 20 and 70 years, absence of systemic disease, absence of neurologic conditions, and possession of a valid driver's license. Patients were excluded if they had not driven in at least 3 months, had any previous shoulder surgery, or had active shoulder injuries bilaterally. After training on the driving simulator, subjects underwent 3 driving simulation trials during the study: (1) between 1 and 2 weeks preoperatively, (2) at 6 weeks postoperatively, and (3) at 12 weeks postoperatively. These visits corresponded to normal follow-up time points and similar restrictions regarding postoperative physical therapy. During all trials, patients were encouraged to use both hands while driving. The number of total collisions, center-line crossings (CLC), and offroad excursions (ORE) were recorded for each trial, as determined by the driving simulator software. The visual analog scale (VAS) and the Shoulder Pain and Disability Index (SPADI) score were obtained at each visit as measures of pain and disability regarding shoulder function. Subjects were also asked prior to any testing, which arm is primarily used during driving (dominant driving arm). All study group patients began gentle passive range of motion exercises under guidance of a physical therapist within 2-3 weeks postoperatively, and active range of motion was not permitted until 6 weeks postoperatively.
Study subjects
Control subjects
21 volunteers were recruited and tested to establish baseline simulated driving data in a healthy cohort. Similar inclusion and exclusion criteria were employed for the control group, with the additional requirement that the volunteer had no history of shoulder or upper extremity dysfunction. Each volunteer's driving experience (number of years) and total number of previous car accidents was recorded. Control subjects underwent the same training as study subjects, followed by 1 simulated driving trial.
Simulated driving environment
Subjects underwent a training circuit before testing by driving freely on a simulation course that allowed them to become comfortable within the driving environment as well as to gauge the simulator's response and sensitivity to driving movements. All subjects successfully adjusted to the driving interface, and a learning curve was not appreciated. During the training circuit, participants were instructed to use both hands while driving. Upon completion of the training circuit, a braking reaction circuit (BRC) was conducted to measure the brake reaction time (BRT). BRT was calculated by the average of 3 reaction times involving full depression of the brake pedal to sudden stop signals on the display. This reaction time was used to calibrate the simulation course for each subject to control for individual variability in eye-to-foot response time. Once calibrated, a simulated driving circuit (SDC) lasting approximately 8 min was then conducted. The SDC was designed to represent a suburban environment recreating standard turns, traffic intersections, pedestrian crosswalks, and several hazards routinely encountered during driving situations ( • ▶ Fig. 1 
Custom-designed driving circuit
In order to eliminate confounding variables within the driving trials such as differences in speed and braking ability due to lower extremity function, driving speeds were computer-controlled when approaching road hazards to allow for uniform analysis. Additionally, differences in braking ability among subjects were controlled with data from the BRC. These restrictions allowed for consistent analysis of upper extremity function without the variables associated with lower extremity function.
Patients were also instructed to stay below the indicated speed limit at all times. When subjects exceeded this limit, a computer-generated auditory warning was issued.
Statistical analysis
An a priori power analysis was performed utilizing the number of collisions as the primary outcome measurement. In order to achieve a power of 80 %, 14 subjects in each group were required to detect differences in the total number of collisions at 6 weeks postoperatively. Descriptive statistics, including mean and standard deviation, were calculated for patient demographics. SPSS Statistics Version 18.0 (IBM Inc, Chicago, IL, USA) was used for all data processing and statistical analyses. Statistical significance was set at p < 0.01.
Results
▼
The study group was comprised of 15 males and 6 females with an average age of 43.7 ± 12.3 years ( • ▶ Table 1 ). Subjects reported a mean 1.5 vehicular accidents in the past (range 0-4), and none within the previous year. 15 patients (10 males, 5 females) had arthroscopic evidence of rotator cuff pathology (6 large fullthickness tears, 5 medium full-thickness tears, 4 partial-thickness tears), 11 of which underwent rotator cuff repairs (6 double-row, 5 single-row) using PEEK suture anchors. The mean number of anchors used for rotator cuff repairs was 2.2 ± 1.2. The length of immobilization for all patients undergoing rotator cuff repair was 6 weeks, and postoperative rehabilitation was consistent among subjects. Patients who did not undergo repair were treated with rotator cuff debridement and/or subacromial decompression. 12 patients (9 males, 3 females) had arthroscopic evidence of labral tearing and/or biceps pathology. 6 patients underwent labral repair using PEEK suture anchors and 3 patients underwent open sub-pectoral biceps tenodesis. The remaining patients were treated with labral debridement. The mean number of anchors used for labral repair was 4.2 ± 1.3. The average length of immobilization for all patients undergoing labral repair was 4.3 ± 0.5 weeks.
The mean time to follow-up for post-operative testing was 6.1 weeks and 11.8 weeks after surgery ( • ▶ An additional subgroup analysis was performed to detect differences in driving performance between subjects who underwent rotator cuff repair (RCR) and those who underwent labrum repair. Two-way repeated measures ANOVA found no statistically significant differences between these groups for collisions (Wilks' Lambda = 0.65, F (2, 9) = 2.48, p = 0.14), centerline crossings (Wilks' Lambda = 0.87, F (2, 9) = 0.68, p = 0.53) or off-road excursions (Wilks' Lambda = 0.90, F (2, 9) = 0.51, p = 0.62).
The results of the VAS and SPADI scores showed that pain and disability increased from pre-operative to the 6-week sessions, and declined significantly at 12 weeks ( • ▶ Table 3 ). Since this change in results was similar to that which was seen for number of collisions, a correlation among pain, dysfunction, and the number of simulated collisions was suspected. A linear regression model comparing SPADI scores with the number of collisions from all sessions failed to show a significant correlation of the data (R 2 = 0.023).
A poor correlation was also found in a simple regression analysis of VAS scores and number of collisions (R 2 = 0.074). 6 23.6 ± 4.9 p < 0.01 * PO 12 25.2 ± 3.6 p < 0.01 * Off-road excursions Single trial 9.1 ± 3.6 PreOp 7.8 ± 3.5 p = 0.16 PO 6 10.0 ± 2.8 p = 0.51 PO12 9.6 ± 2.7 p = 0.81 This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Ten of the 21 (47.6 %) subjects had surgery on their dominant driving arm. In both the dominant driving arm (DA) group and non-dominant driving arm group (NDA), a rise in the number of collisions from the pre-operative to the 6-week driving sessions was noted ( • ▶ Fig. 2) . However, DA patients had a mean increase of 2.6 collisions, whereas NDA patients had a mean increase of 0.6 collisions (p = 0.004). A comparison of driving outcomes between the control group and each trial from the study group was performed using an unpaired Student t-test ( • ▶ Table 2 ). A significant difference in the number of collisions was observed at the 6-week time point, but not at the pre-operative or 12-week time points. Significant differences were also found with respect to centerline crossings at each time point, but not for off-road excursions at any time point ( • ▶ Fig. 3 ).
Discussion
▼
Using a validated driving simulator [21, 22, 27, 36] , the current study sought to determine the time interval at which patients can safely return to driving following arthroscopic shoulder surgery. Within the study group, we observed a significant increase in the number of vehicle collisions at 6 weeks postoperatively, followed by a significant decrease in collisions at 12 weeks postoperatively. Significant differences within the study group were not found with respect to the number of center-line crossings or off-road excursions at the 6-week and 12-week time points; however, center-line crossings were significantly different from the control group at each time point. Additionally, significant reductions were found in the VAS and SPADI scores between 6 and 12 weeks demonstrating improvements in pain and disability, though this was not correlated with improved driving performance during that time. This preliminary data on driving after arthroscopic shoulder surgery indicates that driving is unsafe until at least 6 weeks postoperatively due to the increased rate of collisions, but may be reasonable by 12 weeks when the rate of collisions returns to a level similar to a control group. The 3 outcome measures considered during each driving trial can be divided into parameters that test normal driving conditions, and one that assesses driving during extreme scenario's.
Variables such as center-line crossings and off-road excursions were recorded at all points in the trial and reliably test performance under nonhazardous conditions. These measurements correspond to routine driving that does not require extreme or excessive maneuvering. Alternatively, the primary outcome measure of number of collisions relates to driving in a scenario that requires evasive maneuvers to avoid a road hazard. This can occur in real life when drivers must swerve to avoid an object in the road, an unexpected pedestrian, or another dangerous driver. In hazardous driving scenarios, we observed a statistically significant increase in the total number of collisions as patients progressed from pre-operative testing to 6 weeks post-operatively. The number of collisions subsequently returned to below pre-operative levels at 12 weeks. Furthermore, when comparing study subjects to healthy controls, we noted that the average number of collisions between the groups was similar at both the preoperative and 12-week time points but not at 6 weeks. This indicates that patients with rotator cuff or labral pathology do not have significantly impaired driving ability prior to surgery when compared to a healthy population. Additionally, since the study group had the fewest collisions at the final driving trial, it suggests that the ability to effectively maneuver the steering wheel in hazardous driving conditions is optimal at 12 weeks postoperatively.
In less demanding driving scenarios measured by center-line crossings and off-road excursions, there was no observed deterioration in driving performance among the preoperative and postoperative time points in the study cohort. However, when the results were compared to control data, we found that healthy controls had better driving performance as measured by the number of centerline crossings at all time points. This result was not found when comparing the number of off-road excursions between the groups at each time point, and can be viewed as an unexpected finding. The difference in center-line crossings may signify that surgical patients have impaired overall driving ability when compared to the normal population despite operative intervention. However, given our control population was not age-matched, it is difficult to make absolute conclusions from this finding.
Our results suggest that the early postoperative period following shoulder arthroscopy of rotator cuff and labral pathology poses substantial challenges to driving, especially in hazardous conditions. Post-operative pain following arthroscopic shoulder surgery can be an important source of impairment while driving. A study comparing patients undergoing open vs. arthroscopic rotator cuff repair found up to 43 % of patients in the arthroscopic group had residual pain at 6-weeks post-operatively [39] . Interestingly, the authors found that tear size did not correlate with pain at all time periods, and narcotic use was minimal in both groups during the 6-week post-operative period. Similarly, functional movements of the shoulder may be compromised in the early post-operative period. Peters et al. [34] showed that at 6 weeks after rotator cuff repair, 50 % of patients with partial tears and 47 % of patients with full-thickness tears had clinically evident stiffness, while only 21 % and 19 % had stiffness at 12 weeks, respectively. Relative to preoperative levels, patients had increased difficulty with overhead activities and decreased external rotation strength at 6 weeks, which subsequently resolved at 12 weeks [34] . Katz et al. found that up to 75 % of patients who had an unsatisfactory result after SLAP repair were due to pain and decreased range of motion [20] . Additionally, many activities of daily living require approximately 120 ° of forward elevation and 60 ° of shoulder external rotation [30] . Given the complex shoulder maneuvers required when operating a vehicle in various driving scenarios, it is clear that limitations in shoulder range of motion play a role in driving performance. Similarly, our data shows increased pain and inferior outcomes as measured by VAS and SPADI scores at 6 weeks postoperatively, which resolved by 12 weeks. Although a regression model was unable to accurately predict driving performance using these scores, pain and disability significantly improved after 6 weeks when a concomitant improvement in driving performance was observed. A subgroup analysis of subjects that had surgery on their dominant driving arm revealed interesting results that may impact driving for a specific group of patients. Patients who underwent surgery on their dominant driving arm (DA) suffered a steeper decline in performance compared to those who underwent surgery on their non-dominant driving arm (NDA). However, both DA and NDA drivers showed worse driving ability at 6 weeks after surgery. These results suggest that patients who have surgery on their dominant driving arm should be extra cautious when returning to driving, especially after 6 weeks, as the operative shoulder has a greater impact on steering and maneuvering ability.
While our study has important implications for driving recommendations following arthroscopic shoulder surgery, there are several limitations. Firstly, the driving simulator cannot truly recapitulate real life driving, although this simulator has been validated in previous studies. The simulator also uses automatic transmission instead of manual gear shifting, which may be additionally affected by upper extremity surgery, although this was not evaluated in this study. It is difficult to generalize our data given the small sample size and use of a control group that was not age-matched, and we recognize that driving performance may be significantly modified by age and experience. Additionally, the surgical group was comprised of patients with rotator cuff tears and/or SLAP tears, which has the potential for a confounding bias; although postoperative restrictions within the group were closely matched. Some of the improvement seen in successive driving trials may represent a cognitive learning curve phenomenon, which we were not able to assess. The follow-up time points represent discrete postoperative intervals that do not represent a complete spectrum of time, which may provide further information on changes in driving performance.
Other aspects of perioperative care may have contributed to poorer driving including use of narcotic analgesics. Narcotics have been correlated with inferior driving ability [2, 4, 24, 33] , and although narcotic use was not monitored in this study, no patients reported use of such drugs before any testing period. It is also important to highlight that aside from pain and physical limitations in the postoperative state, cognitive and behavioral changes may have an important role in the processing of spatial information and decisions during driving. Nevertheless, this study is strengthened by its prospective data collection and use of a validated driving simulator to study driving performance following arthroscopic shoulder surgery for 2 commonly performed procedures. This study provides relevant preliminary data that can be used in future larger studies with adequate subgroup analysis.
Conclusion
▼
Evidence-based guidelines for return to driving after arthroscopic shoulder surgery have become imperative in light of the rapidly increasing incidence of these procedures. This preliminary data shows that driving performance following arthroscopic treatment of rotator cuff and labral pathology is impaired for up to 6-weeks postoperatively, with a return to normal driving performance by 12-weeks. Driving ability was more profoundly impaired in scenarios that required extreme and swift maneuvers, resulting in a significantly increased rate of colliThis document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
sions at 6 weeks that reduced to baseline levels at final followup. Routine driving as measured by centerline crossings and off-road excursions did not change over the course of the study. Additionally, those undergoing surgery on their dominant driving arm had greater difficulty driving after surgery than those who had surgery on the non-dominant driving arm. Although shoulder arthroscopic repairs may not adversely impact routine driving conditions, they certainly limit the ability to perform evasive maneuvers under hazardous conditions that can prevent collisions. As a result, we recommend against driving for a minimum of 6 weeks postoperatively, with an expected return to normal driving by 12 weeks.
